Several non-phagocytic cells can actively generate the superoxide anion by NAD(P)H oxidases resembling the enzymatic complex typical of phagocytes. Overexpression of periplasmic Cu,ZnSOD rescues invasive E. coli strains from killing within epithelial cells, suggesting that superoxide generation by such cells can oxidatively damage invading bacteria. Pre-treatment of HeLa cells with diphenyl iodonium or 4' -hydroxy-3'methoxyacetophenone, two inhibitors of NAD(P)H oxidase, significantly enhances intracellular survival of wild type invasive E. coli cells. On the contrary, these inhibitors have no effect on the intracellular survival of an invasive E. coli strain engineered to overexpress Cu,ZnSOD. These results support the hypothesis that superoxide generation by a NAD(P)H oxidase-like complex can limit bacterial survival within epithelial cells and suggest that the role of periplasmic Cu,ZnSOD in bacterial infections is not simply that of conferring protection against the phagocytic oxidative burst.
Phagocytes can kill bacteria by producing a battery of reactive oxygen species in a process primed by the single electron reduction of molecular oxygen to superoxide by a transmembrane NADPHoxidase complex (1) . Since a large number of bacteria contain sodC genes, encoding the extracytoplasmic antioxidant enzyme CU,Zn superoxide dismutase (Cu,ZnSOD) (2), ithas been proposed thatCu,ZnSOD provides a defense against the phagocytic oxidative burst. This idea fits with the observation that sodC null mutants of different pathogens show no evident phenotype under laboratory conditions, but exert attenuated virulence in animal models (3) (4) (5) (6) (7) (8) (9) (10) . Moreover, despite the apparent dispensability of sodC for aerobic growth, several bacteria (including different Salmonella serotypes and enterohemorrhagic E. coli OI57:H7) possess multiple copies of this gene due to phage-mediated horizontal transfer processes (8, (11) (12) .
The ability of some pathogens to survive within host professional or non-professional phagocytes plays an important role in infection and disease (13) . While the role of CU,ZnSOD in protecting bacteria from macrophage killing has been clearly demonstrated by different studies (5) (6) (7) (10) (11) (12) (13) (14) , little information is available about the role, if any, of sodC in bacterial survival within non-phagocytic cells. The ability to actively generate the superoxide radical is frequently considered an exclusive prerogative of phagocytes, but several studies have now established that a large variety of cells can produce oxygen radicals by NAD(P)H oxidase-like complexes (15 and references therein). Although these cells generate superoxide at lower rates than phagocytes, it is possible to hypothesize that oxygen radicals could influence bacterial survival also within nonphagocytic cells. As a matter of fact, the ability of Campylobacter jejuni to survive within a human epithelial intestinal cell line was markedly decreased by inactivation of the sodB gene, encoding cytoplasmic Fe superoxide dismutase (16) . Moreover, we have recently shown that an increased production of periplasmic CU,ZnSOD enhances the survival of recombinant invasive E. coli strains within epithelial cells (17) . This finding suggests that oxyradical damage is involved in the mechanisms of bacterial killing by non-phagocytic cells. Since sodC genes are common in bacteria able to invade and survive in non-professional phagocytes, we have further investigated the CU,ZnSOD-dependent increase of invasive E. coli within HeLa cells. Here we report that cell pre-treatment with inhibitors of NADPH oxidase enhances the intracellular survival of wild type bacteria, but has no effect on the survival of the E. coli strain overexpressing CU,ZnSOD. These data support the hypothesis that intracellular bacterial killing involves the production of oxygen radicals by a NAD(P)H oxidase-like complex.
MATERIALS AND METHODS

Plasm ids. bacterial strains and culture conditions
Plasmid pRI203 (18) carrying the inv gene from Y. pseudotuberculosis was kindly provided by S. Falkow. E. coli K 12 strains harbouring pRI203 are able to invade epithelial cells (18) . Plasmid pRIEcSOD, containing the sodC gene cloned in pRI203, was previously described (J 7). Both plasmids were introduced in the E. coli strain HBIOI (19) , which is highly sensitive to killing within HeLa cells (J 7). Bacteria were grown overnight in Luria Bertani (LB) medium containing 100 mg/ml ampicillin. Bacterial suspensions in exponential phase were obtained subculturing the overnight cultures in fresh medium at 37°C for 2 hours under vigorous agitation. The cultures were collected by centrifugation and washed with phosphate buffered saline (PBS) without Ca 2 + and Mg 2 + and then resuspended in Minimal Essential Medium (MEM, Seromed) for the invasion assay at a concentration of about 2x JO'bacteria/ml. This concentration corresponds to a multiplicity of infection of 100 bacterial host cell. The minimal bactericidal concentration of gentamicin (used to kill extracellular bacteria during infection experiments) for E. coli strains was determined, by counting colony forming units (CFU) in LB medium plus ampicillin, after incubation of 2x I0 7 bacterial cells/ml in MEM containing different concentrations of gentamicin for 2 h at 37°C.
Host cells
HeLa S3 cells (from an epithelioid carcinoma of human cervix) were grown as monolayers at 37°C in MEM supplemented with 1,2g/I NaHCO v 2 mM glutamine, 100 Ulml penicillin, 0,1 mg/ml streptomycin and IO % heat-inactivated Fetal Calf Serum (FCS), in a 5 % CO 2 incubator. During the infection experiments FCS was added at 2% and the cell concentration was about 2x 10 5 cells/ml.
Invasion and intracellular survival assay
Invasion of cultured cells was assayed by a modification of the technique of Isberg and Falkow (18) . Briefly, semi confluent mono layers of HeLa S3 cells (2x I 0 5 cells/ml) grown without antibiotics in 12-well plates (Costar) were washed and pre-incubated in PBS for I h with or without 100 mM of each NADPH oxidase inhibitor (see paragraph below). After this period, the monolyers were washed and new MEM, containing 2x 10 7 bacterial cells/rnl, was added to cultured cells for Ih at 37°C. Then, cells were washed extensively with PBS without Ca 2 + and Mg2+ and J ml offresh medium containing 50 u.g/ml of gentamicin, 2% FCS, 1,2 gil NaHC0 1 and 2mM glutamine was added to each well for 2h at 37°C. Cells treated with inhibitors before infection were cultivated throughout the whole experiment in MEM containing the same compound at a 20 ILM concentration.
Invasion efficiency was evaluated by counting the number of viable intracellular bacteria 2 h after infection, by the following procedure. Cells were washed and subsequently treated with trypsin-EDTA (0.05% trypsin (11250), 0.02 % EDTA) for 5 min at 37°C and then lysed by the addition of 1.0 ml of cold 0.1 % Triton-XIOO. Celllysates were diluted in PBS and plated on LB medium containing 100 u.g/rnl ampicillin to quantify the number of viable intracellular bacteria by CFU counts. Similarly, intracellular survival was evaluated by CFU counts on infected cells grown up to 24 h at 37°C.
NADPH oxidase inhibitors
Two different inhibitors of phagocytic NADPH oxidase have been tested in this work: diphenyl iodonium (DP!) and 4' -hydroxy-3' -methoxyacetophenone (apocyanin). To evaluate their cytotoxicity.cell monolayers (2x I0 5 cells/ml) were pre-incubated for 60 min in PBS with different concentrations of these drugs, (and then for 2 and 24 hours in MEM medium without fetal calf serum). Subsequently, cell monolayers were washed in Earle's balanced salt solution; fresh medium was added and the cells were inspected to detect putative cytotoxicity of the compounds by morphological' observations such as swelling, granularity, rounding or floating. Cells viability, proliferation and cytotoxicity were quantified by neutral red uptake-based assay and by a 3-[4,5dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)-based assay (Cell Proliferation Kit I) (Boehringer Mannheim, GmbH, Germany).
The minimal bactericidal concentration (MBC) of diphenyIiodonium and 4-hydroxy 3-methoxyacetophenone was determined in LB and MEM medium incubating for I, 2, 24 hours at 37°C, 2x 10 7 bacterial cells/ml with different concentrations of each compound. MBC was considered as the lowest concentration of each compound inhibiting the E. coli strains growth measured by CFU counts on LB plus ampicillin agar medium. Hours
Electron microscopy
Semi confluent mono layers of HeLa cells, culti vated in presence or absence of DPI as described above, were pulsed with ferritin (0.2 mg/ml) for labeling Iysosomes (17) . After 3 h of incubation at 37°C, monolayers were washed several times with MEM to remove free ferritin and then infected with E.coli (pRI203) and E.coli (pRIEcSOD) strains at a multiplicity of infection of 100 bacteria/cell. At different time intervals (2 and 24 h) cells were incubated with trypsin-EDTA solution (0.05 and 0.02%, respectively), washed gently with PBS and pelletted at 600 g for 10 min. Pellets were fixed with 2.5 mM glutaraldehyde in cacodylate buffer for I h at room temperature and post-fixed in I % unbuffered GsO 4' Cells were then dehydrated by using increasing concentrations of ethyl alcohol and embedded in Agar 100. Ultrathin sections were staining with uranyl acetate and lead citrate and examined with a Philips 208S transmission electron microscopy. 
RESULTS
Intracellular survival ofE. coli invasive strains
In this work we have further investigated the intracellular survival in HeLa cells of E. coli HB 101 cells harbouring plasmids pRI203 or pRIEcSOD (17) . The results shown in Tab.I indicate that the invasion efficiency, measured at 2h after infection, was similar for both the E. coli strains used. On the contrary, the intracellular survival of the two E. coli strains, measured at 24 h after infection, was markedly different. In fact, while a large fraction of E. coli HB 10 I (pRIEcSOD) cells resisted to intracellular killing, hardly no viable E. coli HB 101 (pRI203) cells could be recovered. 
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Invasion efficiency is the percent of the inoculated CFU which were internalized after the monolayer infection. The percentage ofintracellular bacterial survival, 24 h post-infection, was determined, relative to 100% survival after invasion, by CFU counts.
Effect ofNADPH oxidase inhibitors on bacterial intracellular survival
The observed Cu,ZnSOD-dependent increase in intracellular bacterial survival suggests that in infected HeLa cells there could be a superoxide generating system, possibly related to the phagocytic NADPH oxidase, able to induce oxidative damage to invasive bacteria. To investigate this possibility we have used two structurally different inhibitors of phagocytic NADPH oxidase: diphenyl iodonium and 4' -hydroxy-3' -methoxyacetophenone. Both these drugs have been proved to inhibit the NADPH oxidase-like complex present in other non-phagocytic cells (20) . The two compounds were used at a 100 mM concentration which we found to be neither cytotoxic nor bactericidal. The number of viable intracellular bacteria was determined as described in Material and Methods after 2, 4, 6, and 24 h cell incubation with the drugs at 37°C. The data obtained are shown in Fig.l . Cell pre-incubation with DPI ( Fig. I, panel A) , but not with apocyanin ( Fig. I,  panel B) , slightly increased the invasion efficiency. Moreover, pre-incubation with both drugs significantly affected the intracellular survival of E. coli HB 10 I (pRI203). Conversely, we did not observe significant variations in the intracellular survival of E. coli HB 10 I(pRIEcSOD) within HeLa cells treated with NADPH oxidase inhibitors. These results were also confirmed by an electron microscopy analysis of bacterial integrity within infected HeLa cells (Fig. 2) . In fact, 24 h after the infection nearly all E. coli HB 101 (pRI203) cells appeared damaged within the endosome-lysosome ( Fig.2A) , as already described (17) . On the contrary, at the same time post-infection, most of the E. coli HB 101(pRI203) cells observed within HeLa cells treated with DPI were still intact (Fig. 2B) . No differences were observed in the morphology of E. coli HBIOI (pRIEcSOD) cells within HeLacells cultured in presence or absence of DPI.
DISCUSSION
Several facultative intracellular bacteria can penetrate epithelial cells located at mucosal surfaces. It is common beliefthat the intracellular environment of such cells provides a favorable niche where the bacteria can multiply and evade the immune responses. However, some studies have shown that bacterial entry in intestinal cells induces inflammatory responses by the same cells which initiate events required for the clearance of the infecting microorganism (21) . In this context it is of considerable interest the discovery that a large number of non-phagocytic cells, including several epithelial cell lines, can actively generate the superoxide anion, which can act as a messenger in different cellular signalling pathways (15) . Production of oxygen radicals might be involved in the response to bacterial invasion either by inducing cytokine production or by inducing oxidative damage to intracellular bacteria. This latter possibility is supported by the observation that phagocytic stimuli induce superoxide release by epithelial cell (22) and by our recent demonstration that increased expression of the sodC gene enhances survival of invasive E. coli strains within HeLa and Caco-2 cells (17). These two cell lines express homologs of gp91phox, the catalytic subunit of the phagocytic NADPH oxidase (23) . Moreover, both HeLa and Caco-2 cell lines, as well as other transformed and primary human epithelial cells, have been shown to generate superoxide by a NAD(P)H oxidase complex resembling the enzyme typical of phagocytes (15, (24) (25) (26) (27) . These observations have prompted us to investigate the effect of NADPH oxidase inhibitors on bacterial survival within epithelial cells. Our results show thatE. coli HB 101 (pRI203), a bacterial strain highly susceptible to oxidative stress possibly due to a mutation in the rpoS gene (17) , is rapidly killed in HeLa cells. However, survival of this bacterial strain is significantly enhanced (more than three log) within cells incubated with DPI or apocyanin, two different inhibitors of NADPH oxidase. On the contrary, the intracellular survival of the E. coli strain overexpressing Cu,ZnSOD is not increased by cell treatments with the same inhibitors. These findings strongly support the hypothesis that superoxide generated by epithelial cells can induce damage to invading microorganisms and that peri plasmic superoxide dismutase facilitates bacterial survival within such cells. We have also observed that pre-treatment of HeLa cells with noncytotoxic amounts of DPI increases the recovery of viable bacteria at two hours post-infection. This finding suggests that significant bacterial killing due to oxygen radical damage might occur in the early stages of bacterial entry within epithelial cells, as recently hypothesized to explain the ability ofCu,ZnSOD to protect Neisseria meningitidis from phagocytosis (28) .
The here reported results highlight the possible importance of periplasmic Cu,ZnSOD in infections by facultative intracellular bacteria and suggest that the role of this enzyme in bacterial pathogenesis should not be considered as limited within the confines of the bacterial-phagocyte interaction.
